We report on the optical properties of undoped single crystal LaMnO3, the parent compound of the colossal magneto-resistive manganites. Near-Normal incidence reflectance measurements are reported in the frequency range of 20−50,000 cm −1 and in the temperature range 10−300 K. The optical conductivity, σ1(ω), is derived by performing a Kramers-Kronig analysis of the reflectance data. The far-infrared spectrum of σ1(ω) displays the infrared active optical phonons. We observe a shift of several of the phonon to high frequencies as the temperature is lowered through the Neel temperature of the sample (TN ∼ 137 K). The high-frequency σ1(ω) is characterized by the onset of absorption near 1.5 eV. This energy has been identified as the threshold for optical transitions across the Jahn-Teller split eg levels. The spectral weight of this feature increases in the low-temperature state. This implies a transfer of spectral weight from the UV to the visible associated with the paramagnetic to antiferromagnetic state. We discuss the results in terms of the double exchange processes that affect the optical processes in this magnetic material.
I. INTRODUCTION
Recently, there has been much attention focused on the hole-doped ferromagnetic manganite materials of the form (Ln) 1−x (A) x MnO 3−δ , where Ln is a lanthanide and A is an alkaline-earth element [1, 2] . This interest is driven by the colossal magneto-resistance (CMR) effect that is seen when doping of the alkaline-earth element is in the range of 0.2 < x < 0.5 [3] . The CMR effect is associated with a phase transition between a paramagnetic insulator and a ferromagnetic metal at a temperature T c .
Recent experimental reports suggest a very complex interplay of charge, orbital and spin order, as well as the presence of strong lattice effects in these materials [4, 5, 6, 7, 8] . Furthermore, it is expected that given the complex phase diagram of this class of materials, studies of the stoichiometric parent compound could give insight into the physics governing the doped version of these manganite oxides. Indeed, room-temperature optical measurements of LaMnO 3 have shown evidence for a static Jahn Teller (JT) distortion while in the CMR materials it is believed that the Jahn Teller effect becomes dynamic and has a strong influence on the phase transition. Therefore studies of the parent material may allow a determination of the important parameters of the electron-phonon and electron-electron interactions required for a complete understanding of the CMR alloys.
Calculations of the optical conductivity of LaMnO 3 within the local-spin-density approximation suggests that the observed gap in the optical conductivity near 1−2 eV corresponds to a hopping transition of a hole between the JT split e g bands of two adjacent Mn 3+ ions [9, 10] . This is essentially a charge-transfer transition with a relatively weak spectral weight. Similarly, a JT feature in the optical spectrum of LaMnO 3 has been predicted and calculated using various models for the band structure. However, there is disagreement of the relative importance of the Coulomb repulsion energy U , electronphonon, and magnetic interactions in this system. In analyzing the electronic feature in σ 1 (ω) near 1−2 eV, some authors argue that the effective U to the low-energy physics is rather small (U ≈ 2eV) [11, 12, 13, 14] . In this view, both the effects of the JT coupling and Coulomb interactions lead to similar contributions to the gap to low-lying optical excitations in this material. Recent calculations done by Millis and Ahn using a tight-binding parameterization of the band structure, give the full conductivity tensor, with a prediction for a rather strong temperature dependence and anisotropy in the spectrum of σ 1 (ω) for this compound [15] . The main reason for the strong temperature dependence follows from the spin selection rules on the charge-transfer excitations and the fact that LaMnO 3 is a paramagnet at room temperature, while turning into an A-type antiferromagnet (AF) at low temperatures (Neel temperature ∼ 140 K).
On the other hand and given the relatively large value for U that is obtained from high-energy photoemission experiments (U bare ≈ 30 eV), other authors argue that this large U rules out double occupancy that would give rise to low-lying optical transitions between neighboring Mn +3 ions. In recent work, Allen and Perebeinos [16, 17] argue that electron-phonon interactions would lead to a phonon-assisted intra-site transition on the Mn +3 ions. Since no hopping occurs in this model, this feature would be insensitive to the magnetic state of the Mn 3+ ions, and therefore, no change would be expected in the electronic absorption as T is varied through the Neel temperature [16] .
In this paper, we address the issue of the temperature dependence of the optical conductivity of LaMnO 3 and its relevance of the calculations mentioned above by performing detailed temperature dependent measurements of σ 1 (ω) for LaMnO 3 . We obtain the spectrum of σ 1 (ω) by performing a Kramers-Kronig (KK) analysis on bulk reflectance measurements over a very wide frequency range (30-50,000 cm −1 ) and for temperatures between 300 K and 10 K.
The results at low frequencies indicate the insulating nature of the material and show several optical phonons. Upon cooling, there is an increase in both the number and the strength of the phonon features indicating a lowering of the symmetry of the crystal structure in the AF state. There is also a growth in spectral weight and frequency shift in some of the phonon modes as the temperature is reduced.
At higher frequencies, the spectrum of σ 1 (ω)indicates a weak absorption feature centered near 2 eV, and a large spectral feature at 4 eV. The 2 eV feature is seen to grow in oscillator strength by 25 % at low temperatures. We attribute this effect to the different effects of double exchange on optical processes in the AF phase and the paramagnetic phase. We find that a simple model of spin alignment below T N accounts for the increase in probability of this charge-transfer transition between Hund's rule spin-split e g derived bands. These results are not consistent with the prediction of the calculations by Allen and Perebeinos [16] . The second and larger feature near 4 eV is mostly associated with a charge transfer transition between the O 2p and the Mn d derived bands [18] . Although this latter feature has a strong temperature dependence, we are not able to provide a fully quantitative result, due to the uncertainties introduced by the KK analysis at this energy which is near the high energy cut off of our measurements. 
II. EXPERIMENTAL DETAILS

A. Sample characterization
The samples used in this study are single crystals of the stoichiometric compound LaMnO 3 that were prepared by the floating-zone technique. The samples were characterized by dispersive x-ray, microwave-absorption studies [19] and neutron scattering analysis. The neutron scattering data were taken on a BT-2 triple-axis spectrometer at the National Institute of Standards and Technology (NIST). Figure 1 shows the temperature dependence in the intensity of the (0,0,3) antiferromagnetic Bragg reflection measured on our LaMnO 3 sample.The presence of this neutron scattering peak indicates the long-range order for the A-type antiferromagnetic alignments of the spins associated with the Mn ions. Based on the onset for detection of this peak in the data of Fig. 1 , we deduce a T N close to 137 K.
Further characterization was done by using X-ray diffraction measurements. These results show that the measured crystals were heavily twinned. We also found evidence of twinning by using a near-field scanning optical microscope (NSOM) probe. In this set up, a HeNe laser beam (λ ∼ 632.8nm) was sent through the tip of the NSOM to illuminate the surface of the sample. We also made use of the NSOM to monitor the reflected laser beam. Changes in the reflectance as a function of polarization of the laser beam were observed as the NSOM tip was scanned through different spots on the sample. These changes were recorded as images of high-and lowbrightness regions across the sample surface. These images indicated the presence of alternating long and narrow strip domains running across the sample with a typical width of ∼ 0.2µm.
The NSOM data suggest a response in the reflectance that is highly anisotropic with respect to the crystallographic axes of the sample. Hence, the broad-frequency reflectance measurements presented in this paper represent an average of the contributions resulting from all three different crystallographic axes.
B. Optical techniques
We study the optical properties of these samples by measuring near-normal incidence reflectance over a wide range of energies (0.005-5 eV) and perform Kramers-Kronig (KK) transformations to obtain the the frequency-dependent optical conductivity σ 1 (ω). Optically smooth surfaces were obtained by polishing the samples using diamond paste with particle size of 0.3 µm. Recently, Takenaka et al. [20] pointed out discrepancies in the reflectance of polished versus cleaved samples of the doped versions of this compound. Given the fact they saw little difference in the reflectance of either a polished and cleaved samples of pure LaMnO 3 , we are confident the polishing of the samples of this study did not introduce significant spurious effect on the results reported here.
Optical reflectivity was measured by using a combination of FTIR spectrometers (Bomen DA3 and Bruker IFS 113v) to cover the photon energy range of 0.005−5.0 eV. Temperature dependent measurements in the 10−300 K range were done by attaching the sample to the tip of a continuous-flow cryostat with a calibrated Si sensor mounted nearby. The accuracy in the absolute and relative changes in reflectance with temperature is estimated to be better than ±.5%. Analysis of the data was performed by applying Kramers-Kronig (KK) transformation to the reflectance data in order to obtain the optical properties such as σ 1 (ω). The usual requirement of the KK integrals to extend the reflectance at low-and high-frequency ends was done in the following way. At low frequencies, the extension was done by keeping the reflectance constant to dc, as appropriate for insulators.
The high frequency extrapolations were done by merging our data, which extend up to 5 eV, with published data by Jung et al. [9] which extend up to 30 eV. The range beyond 30 eV was extended using the standard power law R∼ ω −4 , which is the free-electron behavior limit. Further details of the steps we took to maintain a temperature independent sum rule will be given in Sec. III A.
III. RESULTS
A. Temperature Dependence of Reflectance
The results of the far infrared temperature-dependent reflectance are shown in the inset of Fig. 2 . These results indicate the reflectance typical of an insulating material that shows several optical phonon features. The temperature dependence in some of these phonon features is seen as a shift towards high frequency in the phonon peak positions as the temperature is lowered through T N of the sample. Further discussion on this will be done later when showing the results of σ 1 (ω) after performing the KK analysis. In the high-frequency data shown in the main part of Fig. 2 . We observe two features centered at 1.5 eV and 4.2 eV respectively. Discussion on the assignment of these interband transitions will be done later. We also notice a decrease in the reflectance in the visible as the temperature is reduced down to 10 K. The temperature dependence occurs for energies higher than 1.5 eV, and it appears to be as a gradual reduction in the value of R as the temperature is changed between the 300-150 K interval. Furthermore, we do not see a measurable change below about 100 K. An important observation of these data is the fact the they show temperature dependence up to highest energy of the experiment (5 eV). This is a significant observation given the fact that there is a sum rule in the reflectance that requires that the integrated difference in R(ω) from ω = 0 → ∞ at two different temperatures must be equal to zero. This can be written in an equation form as:
where R 1 (ω) and R 2 (ω) are the reflectance at temperatures T 1 and T 2 respectively. These results indicate that the temperature dependence that we observe in the present data must be reversed at higher energies in order to satisfy Eq. 1. The implications of these results are also relevant to the KK analysis we performed on the these data. As we mentioned earlier, the high-frequency extrapolations that are needed for the KK analysis were done by using the published room-temperature results by Jung et al. [9] , which extend up to 30 eV, and a power law R ∼ w −4 above this energy. It is important in such extensions not to introduce a step in the reflectance where the literature data connect to the experimental data. Such a step would yield false structure in the optical constants. Because there is temperature dependence in our present data all the way up to 5 eV, and in the absence of any previously published data, we performed the following extrapolation scheme in order to satisfy the reflectance sum rule of Eq. 1. The scaling factor used in appending the 300 K data from Jung et al. to our low-temperature results was increased in the 5-10 eV range and then joined smoothly to the unchanged data above 10 eV [25] . For each individual temperature below 300 K, the scaling factor was adjusted so that the result of Eq. 1 were temperature independent above 10-12 eV. The implication of this is that there is a transfer of spectral weight between the range where we measured R and higher energies. Furthermore, this implies a temperature dependence of some interband electronic transitions at energies higher than 5 eV. It should be pointed out that varying this extrapolation procedure did not make any significant effect on the results of the KK analysis below about 3 eV.
We could also write a partial sum rule function related to the carrier density, N ef f (ω), participating in the optical transition at a frequency ω. This is defined as:
where σ 1 (ω) is the optical conductivity, m * is the electronic mass and V cell is the unit cell volume. When the integral of Eq. 2 is carried out from zero up to ω = ∞ it gives a result that represents the total number of carriers in the system, and it also must be temperature invariant. This is related to the result expressed in Eq. 1. Fig. 3 shows the result of the real part of the optical conductivity, σ 1 (ω) obtained from a KK analysis of the reflectance data at far-infrared frequencies. We observe several peaks in the spectrum of σ 1 (ω) that correspond to transverse optical (TO) phonon vibrations of the atoms in the system. We summarized the results of a fit using Lorentz oscillators of the most prominent phonon features at 300 K and 10 K in Table I . First of all, we notice all the modes show a shift of the peak position to higher frequencies at low temperatures. This is highlighted in the inset of Fig. 3 , where we show a representative temperature shift of the phonon peak near 250-243 cm −1 . This shift could be due to an overall thermal contraction of the unit cell. Another observation is that, as usual, the phonon features become narrower and sharper at low temperatures. This behavior is due to the fact that in general, phonon lifetimes are dominated by thermal fluctuations. It is worth noting the unusually narrow linewidth of the mode near 170 cm −1 (γ ∼ 3.2cm −1 ) at 10 K. Because of its frequency position, this mode most likely involves vibrations of the heavier La atom in this compound. A final observation is the fact that some of the phonon modes are more clearly resolved at low temperatures. This is reflected on the fact that the oscillator strength parameter, ω jp , is larger at T = 10K, as the fit results show in Table I . This is particularly true for the modes near 184, 250, and 645 cm −1 . In fact, the latter mode is so hard to discern at room temperature that we only show the Lorentz parameters at 10 K. Such increase in the number of phonon modes suggests a decrease of the symmetry at low temperatures. This is consistent with Raman measurements [21] that show a reduction in the intensity of some Raman-active phonon modes at high temperatures. This is also consistent with the material gradually becoming more cubic in the paramagnetic state. Finally, the growth in ω jp may also suggest that some of the bonds involved in these vibrations become less covalent (and more ionic) at low temperatures.
B. Far-infrared Phonon Spectrum
Recently, Paolone et al. [22] have discussed assignment of nearly all of the infrared active modes in LaMnO 3 . Since our spectra are very similar to the ones presented by these authors, we will not discuss this issue further here. Instead, we will devote the rest of the paper to presenting the results of the temperature dependence in the electronic absorptions at higher energies.
FIG. 4: Temperature dependence in the optical conductivity
showing an increase in spectral weight of the 2 eV feature at low temperatures, followed by a decrease of spectral weight at higher energies. Inset: Sum rule analysis of σ1(ω) from Eq.2
C. Temperature dependence of electronic contribution
We now turn to the electronic part of the spectrum of the optical conductivity. Fig. 4 displays the results of σ 1 (ω) in the 1−4 eV range for this material at several temperatures. The results at 300 K show two main structures; a lower peak centered at 2.0 eV followed by second larger peak centered around 4−5 eV. These energies are in good agreement with previous room-temperature conductivity measurements for this compound [9, 18, 20] . In those earlier works the 2.0 eV peak has been interpreted as the transition between the JT-split e g −e g levels within the parallel spin manifold. The energy position of transitions to the spin reversed states (J H ) has been suggested to be in the 3−4 eV range. This means that this transition may overlap with the charge transfer transition between the Mn−3d e g and the oxygen−2p O p levels. The energy position for the latter one is interpreted to be in 4−5 eV range. This degeneracy is one of the reasons why there has been some controversy regarding the correct assignment for the energy position of J H [23] .
A remarkable observation, which to the best of our knowledge has so far not been reported for this material, is the temperature dependence that we show in fig. 4 . First, we observe that at 300 K, the low-energy peak is centered near ∼ 2 eV, it has an intensity of 470 Ω −1 cm −1 with a width of 1.5 eV. This result is in overall agrement with the conductivity spectrum reported earlier [9, 20] . At 10 K, we notice a sharpening of the 2.0 eV feature (width ∼ 1.3 eV) and an increase in intensity (σ 1 (ω) peak ∼ 600 Ω −1 cm −1 ). Also, there appears to be no significant shift in the energy position of the peak.
At the same time, there is a marked reduction in the intensity of the conductivity structure above 4 eV. We are not able to fully quantify the changes in temperature of the 4 eV energy feature due to the uncertainties in the KK extrapolations. However, the results for the 2 eV peak are quite robust. Overall, however, the results indicate a gradual redistribution of spectral weight as the temperature is reduced, i.e. the oscillator strength of the 2 eV feature increases at low temperature by as much as 25 % at 10 K. This is followed by a reduction of spectral weight for the transitions at higher energies, related to the exchange transition J H and the charge transfer transition between the Mn−3d and the oxygen−2p. We emphasize that much of the temperature dependence we are reporting here occurs between 300 K and 150 K. In the next section, we will present an interpretation of these results in term of the A-type antiferromagnetic phase transition that occurs in this system near 140 K. We will also compare these results with theoretical calculations of the optical conductivity of this compound.
IV. DISCUSSION
The origin of the observed optical transitions in LaMnO 3 has been previously discussed by Solovyev et al. [10] and Terakura et al. [24] using the Local-SpinDensity (LDA) approximation. These results, which do not take into consideration any effects due to changes in temperature, model the gap feature near 2.0 eV for this compound, as an optical transition between JT-split e g levels. In interpreting the results presented here, we would make an extension of their basic picture that the peak at 2.0 eV is the result of a hopping transition between JT-split e g levels by including the effects of the spin selection rules on this transition. In this context, the temperature dependence seen in fig. 4 , could be explained, at least qualitatively, by the diagram of fig. 5 . In this diagram, we show a localized energy picture of nearest-neighbor Mn 3+ ions, and the possible optical transitions. Hence, we denote the lowest electronic transition as E JT , and it is the hopping transition between JT-split e g levels of adjacent ions. Next, we denote a second energy, J H , related to the Hund's coupling energy that involves transitions to a higher energy spin-flip state. The relative changes as a function of temperature could be explained in the following way. In the paramagnetic state, above T N , there is equal probability for spins of neighboring ions to be aligned parallel or antiparallel. However, below T N the spins order in a A-type antiferromagnetic state, in which there are ferromagnetic planes which are stacked antiferromagnetically. This gives a 67% probability that the neighboring spins are aligned versus a 33% probability for anti-parallel alignment. This suggest that relatively, the hopping transition between JT-split e g levels has a higher probability below T N . This should also be followed by a corresponding reduction of the transitions to the Hund's split levels J H above the JT-split transitions. This is exactly what we observe in the results of fig. 4 . Below T N , the strength of the 2.0 eV peak increases by about 25 %, while we observe a reduction of oscillator strength at higher energy. Although the data clearly show this trend, a more quan- titative comparison is not possible for the 4 eV feature due to increase uncertainties of the KK analysis close to the high-energy cut off of our experiment.
While the quantitative success of this simple model is no doubt accidental it certainly supports the basic underlying picture of the microscopic optical processes operating in the manganites. However, the model ignores the anisotropy of the hopping matrix elements among the eg orbitals. A quantitative comparison with a more realistic calculation would be highly desirable.
Recent calculations by Ahn and Millis [15] offer an opportunity to compare the experimental results presented here with more elaborate calculations. In this work, the authors performed calculations based on a model Hamiltonian using a tight binding parameterization of the band structure, along with a mean-field treatment of Hund, electron-electron, and electron-lattice couplings. Among the key results of these calculations are the prediction of a strong anisotropy and temperature dependence in the total spectral weight of the 2.0 eV feature in the optical spectrum of LaMnO 3 . The results of these calculations can be most revealingly compared to the results in Fig. 4 by means of the spectral weight or, equivalently, the electronic kinetic energy (K(ω)) associated with the 2 eV feature. The kinetic energy is defined in Ref. [15] . Hence, it follows from the partial sum-rule expression of N ef f (ω) given in Eq. (2) that
where a 0 represents the unit cell lattice parameter. The integral in Eq. (2) is carried out up to ω ∼ 2.0 eV, to account only for the optical transitions of interest in this case. We show in Table II the results of these calculations both at 300 K and 10 K. When the results of Table II are compared with theoretical estimates of the average kinetic energy (K ave ) from Reference [ [15] ], we find that both the experiment and the theory predict an increase in the kinetic energy value K for the JT peak at T = 0 (In the experiment T = 10K). In the theory, this temperature dependence results from the double-exchange-driven correlation between spin-dependent hopping amplitudes (as is also suggested in the diagram shown in fig. 5 ). Such behavior in the theory becomes even more robust when sensible values are chosen for the coupling constant λ, the Hund's coupling energy (J H S c ) and the Coulomb U . We should point out that the theory overestimates the total spectral value for K ave for the 2.0 eV peak. This is mostly attributed to Coulomb interactions. The numbers reported in Table II are assuming U = 0, along with λ ≃ 1.38 eV/Å, and J H S c ≃ 2.0. More realistic assumptions for U substantially reduce the total kinetic energy value for K ave for the 2 eV feature. The authors in Ref. [15] deduce a value for the Coulomb repulsion energy of U ≃ 1.6 . This has the effect of making the results of the theory and experiment to be in closer agreement. Another consideration in the theory is the value of the coupling constant parameter λ and the exchange energy J H . Some estimates have the energy for J H to be in the 3-4 eV range [8] . Unfortunately, the close proximity of this transition with the charge transfer transition between the O 2p and Mn d makes it hard to separate the exact temperature dependence of the J H transition in our data.
As pointed out in Sec. III A and can be seen in fig. 4 , the temperature dependence of the optical conductivity occurs mostly above T c . This observation is initially surprising in terms of the interpretation presented here of the optical processes operating in this system. In this interpretation the temperature dependence of the optical conductivity of the 2 eV feature is related to the temperature dependence of the spin alignment of neighboring Mn ions it may be expected that it would follow the temperature dependence of the magnetization of the sample. However, the magnetization is a measure of the long range order of the spins while the optical charge transfer process depends on the local spin order. Therefore, the optical conductivity gives a probe of the short range order of the spin system. The experiment shows, in fact, that short range spin order sets in well above T c in this system. These results suggest that optical measurements could be used to make a quantitative study of short range spin order in this system.
V. CONCLUSIONS
In conclusion, we have studied the temperature dependence in the optical conductivity of LaMnO 3 , the parent compound of the colossal magneto resistance manganites. We find a temperature dependence in the optical absorption near 2 eV, that is consistent with the magnetic transition that occurs in this system below 140 K. A simple picture of counting the spin alignment of nearest-neighbors gives a qualitative explanation for the changes in oscillator strength that are observed. These results are in contradiction to the predictions by Allen et al. that this peak could be explained in terms of on site optical transitions of a self-trapped exciton resulting from electron-phonon interactions. Indeed, our results demonstrate that the dominant contribution to the optical spectral weight of the conductivity peak at 2.0 eV is the charge transfer hopping between nearest neighbor manganese ions. The comparison of these optical measurements with recent model calculations provides estimations of some of the key parameters that are important for the manganites. 
